Genetic improvement programmes in cattle have significantly contributed to the large increase in milk and meat production. As along with these breeding schemes top ranking AI sires are widely used and in the case, if these sires are carriers of mutated alleles, inherited defects can be widely disseminated. Most of the about 350 inherited anomalies in cattle occur at very low to low frequencies and thus, carriers are usually not detected in progeny tests based on reporting calves with congenital malformations. The molecular genetic decipherment of inherited anomalies is the necessary prerequisite for an efficient prevention of the dissemination of undesired alleles. The paper gives a survey on inherited anomalies being already characterized in cattle with molecular genetic methods. Furthermore, two genetic anomalies, namely congenital X-linked ectodermal dysplasia with hypotrichosis and missing teeth and bilateral convergent strabismus with exophthalmus are described in more detail. 
Introduction
Genetic improvement programmes in cattle have significantly contributed to the large advances in milk and meat production over the past 50 years. Traits that are mainly selected on in industrial countries are milk performance, type traits, weight gain, and carcass traits. In some countries also fertility, longevity and health traits have been added as selection criteria within the last 10-20 years. Most of these traits are under control of many genes and influenced by environmental factors. Therefore, selection has been based on the observable phenotypes and on the prediction of breeding values.
These selection procedures were applied in large scale without any detailed knowledge of the number of genes involved in the expression of the trait, let alone of the effects of these genes on the trait of the breeding objective or their pleiotropic and linked actions on other traits. The usefulness of this approach has been shown for example by the high rates of improvements in average milk production per lactation in many dairy cow populations. Additionally, in such breeding schemes it is possible that top ranking AI sires which are widely used are carriers of mutated alleles. Even if they are phenotypically normal, they significantly contribute to the dissemination of inherited anomalies. Progress made in molecular genetic analysis can help to identify causal mutations of anomalies manifesting at birth or later in life and to find closely linked markers or even better to unravel the causal mutations for genetic loci causing these phenotypes. Using these new developments in animal breeding the wide spreading of genes causing anomalies can be prevented. In the case that these undesired alleles have been detected with molecular genetic methods, animals can be diagnosed through genotyping as carriers of alleles with deleterious effects on function of organs. By means of the molecular genetic approaches along with the models of the population genetics, loci of the cattle genome important for inherited anomalies can be characterized and exploited for reduction of inherited anomalies and elimination of defective alleles. The purpose of this paper is to give an overview on the present knowledge of molecular genetic characterization of genes controlling inherited anomalies and to show how this information can be used to avoid the dissemination of deleterious alleles through heavily used AI bulls.
Genetic models underlying inherited anomalies
Qualitative genetic traits in genetic theory are determined by single genes segregating in Mendelian fashion. Further development of statistical methods for segregation analysis of pedigrees allowed include besides a single gene polygenic effects and nongenetic environmental factors in the analysis. Employing such models has shown that single genes are very often modified in their effects on traits by many additional small gene effects. Therefore, such genes are called major genes and they may play an important role in qualitative traits. Many of the inherited anomalies were characterized as qualitative genetic traits only influenced by a single locus or even not more than two or three different loci. Allelic and non-allelic heterogeneity also plays an important role in the genetic determination of anomalies, as different genes are involved in different breeds. Molecular genetic analysis can now help to identify the genes responsible for inherited anomalies. Two broadly different types of genetic loci that can be genotyped by means of molecular genetic methods can be distinguished: causal mutations of genes responsible for expression of qualitative traits or mutations of genes being associated with quantitative or qualitative traits, non-functional mutations that are linked to genes being involved in expression of traits of interest. These non-functional mutations are abundant across the whole genome and thus, represent anonymous markers for all types of phenotypic traits. Using anonymous markers the whole genome or chromosomal regions of the genome can be scanned for significant cosegregation with the trait phenotype. The best method for finding mutations of genes is to determine the genomic DNA sequence directly or cDNA sequence using RT-PCR (reverse transcriptase polymerase chain reaction) for the RNA. The first approach to do this was the development of restriction fragment length polymorphisms. The disadvantage of this method is that only those base pair exchanges can be detected which are specific for restriction enzymes. Along with improved DNA sequence methods many single nucleotide polymorphisms (SNPs), which are characterized by the exchange of a single base pair, were detected. The density of SNPs in the eukaryotic genomes is very high. Each 1000 base pairs a SNP is expected. A further very often observed type of DNA variation is caused by variable number of tandem repeats of DNA elements. These repetitive DNA elements can consist of very short DNA motifs (1-5 base pairs: microsatellites) or 6-100 nucleotides (minisatellites) or even larger DNA elements (satellites). The most common repetitive DNA motifs in cattle are microsatellites with a repeat of the dinucleotide CA/GT. The frequency in the whole genome in cattle is estimated to be about 45,000, whereby about 10,000 may be suited as highly polymorphic markers. Microsatellites can be visualized by using polymerase chain reaction (PCR) with flanking primers and gel electrophoresis.
Identification of trait genes
Genome analysis makes it possible to gain knowledge of the genetic architecture of traits. Four major strategies to characterize trait loci can be used. The classical way to identify genes can be based on previous biochemical analysis of the gene product. In this case the biochemical pathway involved has to be known and the inheritance has to be proven. The second approach used refers to candidate genes. Candidate genes may be chosen on the basis of their known physiological or biochemical function. More often candidate genes may be analysed, because these genes are already characterized and cloned in other species like man, mouse or rat and mutations in these genes control a phenotype with striking similarities. Positional cloning is used when a trait locus has been mapped to a chromosomal region by linkage analyses using microsatellites or SNPs. The chromosomal region in question should be identified as precisely as possible. After that the genomic region will be cloned and the transcripts of the genes in this region identified. Then these genes can be screened for association with the phenotypic trait or candidate genes identified and after having found possible causal genes these are investigated for possible mutations. This approach was often a demanding task in the past, but with the increasing amount of cattle genome sequences available, candidate regions can now more easily screened. Narrowing the candidate region to 1 cM means that about 1 Mb has to be sequenced and about 20-30 genes have to be screened. An alternative approach is therefore, to map first the trait locus and then to look for candidate genes assigned to that particular chromosomal region. The strategy is denoted as positional candidate cloning which was shown to be a very useful approach. Mapping information from other species can be exploited to find appropriate candidate genes. Coding sequences are often well conserved even between distantly related species. This approach in combination with comparative genomics makes it possible to identify homologous chromosome segments between species and by using the regions of conserved synteny to the human or mouse genome. Homologous gene loci can be accessed and the most promising candidate genes can be selected for molecular genetic analysis. Once a putative trait gene has been mapped and identified, sequence analysis is employed to characterize the gene and to search for mutations. Having identified putative mutations, then it is necessary to provide evidence that the mutation causes the trait value or its significant association with the expression of the trait. This can be well accomplished if families or lines are available segregating for the trait under investigation. Strong indication for a causal relationship may also be provided if a mutation causes a substitution, deletion or insertion of an amino acid, particularly, in a highly conserved and functionally important part of the protein.
Molecular genetic characterization of inherited anomalies
A survey on inherited anomalies being already characterized with molecular genetic methods in cattle is given in the Table. Positional candidate cloning and candidate gene approaches using genome information from man and mouse were most often used to unravel the causal mutations of genes responsible for inherited anomalies. Identification of the causal mutation(s) allows to perform planned matings or to exclude heterozygote carrier animals from breeding. The number of inherited Mendelian defects in cattle was estimated at about 350. In comparison to the known visible inherited anomalies in cattle, only for a very small number of inherited defects the causal mutation could be detected. For some inherited disorders a genomic region could be identified. The length of these regions of chromosomes that are linked to the inherited defect is typically less than 3-5 cM, but the exact position of the causal gene is unknown. In this case selection can be based on the close linkage between flanking markers and the putative gene locus for the inherited defect. The efficiency of selection may be lowered because linkage phases between the markers and the putative causal gene locus will not be the same in all families and must, therefore, be reestimated on a within-family basis. Carriers which are not related to affected animals cannot be identified or only with a low probability using flanking markers. A further problem is encountered with the application of marker based genetic tests. The more successfully carriers are eradicated, the faster the power of the marker test decreases. Congenital X-linked hypotrichosis with anodontia Congenital X-linked hypotrichosis with missing teeth is a rarely observed lethal anomaly in cattle (DRIEUX et al., 1950) . This phenotype shows striking similarities to the human X-linked anhidrotic ectodermal dysplasia. An X-linked recessive mode of inheritance was shown for a pedigree of black pied German Holsteins with four affected male calves exhibiting a generalized hypotrichosis, hypodontia and absence of eccrine nasolabial glands (DISTL et al., 2000a) . A further case was observed in a family of red pied German Holsteins. The symptoms were hypotrichosis, nearly complete anodontia, a reduced number of sweat glands, and absence of eccrine nasolabial, tracheal and bronchial glands (DRÖGEMÜLLER et al., 2003) . A scan of the X-chromosome identified an identical-by-descent genomic region on the long arm of the X-chromosome. Thus the X-chromosomal ectodysplasin (ED1) gene located at HSX12q-q13.1 was chosen as candidate gene (DISTL et al., 2000b) . The subsequent cloning and mutation analysis revealed that in the black pied German Holstein family exon 3 and flanking parts of both introns were deleted in affected males and in one copy of the X-chromosome of female carriers. This deletion caused a frameshift resulting in a truncated protein and lacking the collagen-like trimerization and TNFlike (tumor necrosis factor) signalling domain of ectodysplasin A1 and A2 proteins (DRÖGEMÜLLER et al., 2001 ). In the red pied German Holstein family a point mutation in the downstream 5´-splice site of intron 8 appeared responsible for the phenotype. The mutation changed the canonical GT dinucleotide at the beginning of the 5´-splice sequence into GG. The consequence of this mutation was an incorrect splicing of the 5´-end of intron 8 and 3´-end of intron 7. The resulting mRNA in the affected calf lacked 51 or 45 bp with respect to the ED1-A1 or ED1-A2 transcript (DRÖGEMÜLLER et al., 2002) . The mutations observed in these two German Holsteins families were associated with large deletions of the transcripts and ectodysplasin protein and resulted in loss of function mutants. The bovine ectodermal dysplasia phenotype may also serve as a model for exploring ectodysplasin action in man and other species.
Bilateral convergent strabismus with exophthalmus (BCSE)
Bilateral convergent strabismus with exophthalmus (BCSE) is a heritable eye defect, which is prevalent in many cattle breeds and known worldwide. BCSE shows a progressive course and ends up in complete blindness. The onset of the defect can sometimes be late in life and often first signs of the defect are not noticed prior to first breeding. Generally, no signs of the defect are present at birth. According to HOLMES and YOUNG (1957) , the earliest manifestation of the defect is usually at the age when the heifers are in calf and often not until after calving, although those investigators also report one calf affected at birth. First symptoms of BCSE were found in cattle at least one year old by GERST and DISTL (1997 and 1998) , who also found it impossible to ascertain an age limit after which all affected animals would have started showing symptoms of BCSE. The condition generally shows a progressive course that advances at an individual speed, which may be interrupted by long, apparently stable periods (HOLMES and YOUNG, 1957) . The incidence of BCSE in German Brown cattle was estimated by GERST and DISTL (1997) to be 0.9 in adult cows and 0.1% in young animals. Due to the smaller amount of data for the breeds German Holsteins and German Fleckvieh, only tendencies for incidences were estimated for these breeds. However, the incidence of BCSE in German Holsteins seemed to be higher and that of German Fleckvieh lower than in German Brown cattle. There were different modes of inheritance proposed for BCSE, but an autosomal dominant major gene was most likely in German Brown cattle (DISTL, 1993) . Associations with milk production traits could not be found (DISTL and GERST, 2000) . Progressive external ophthalmoplegia (PEO) in man has striking similarities to BCSE in cattle. PEO refers to a group of disorders characterised by ptosis and slowly progressive bilateral immobility of the eyes, and is considered to be the most frequent form of mitochondrial encephalomyopathies in man (SORKIN et al., 1997) . In many cases the onset of the disease is in adolescence or adulthood. Based on age of onset and severity of clinical symptoms, patients with PEO are divided into three groups. The most severe variant is called Kearns-Sayre syndrome and is characterised by an infantile, childhood or adolescent onset. The second is the milder, chronic PEO with an adolescent or adult onset. The third is isolated chronic PEO with an adult onset and mild symptoms. PEO are monogenic autosomal dominant (adPEO) or autosomal recessive (arPEO) defects caused by mutations of different genes. For polymerase (DNA directed), gamma (POLG) autosomal dominant and recessive mutations were found ( VAN GOETHEM et al., 2001) , whereas for solute carrier family 25, member 4 (SLC25A4) (KAUKONEN et al., 2000; NAPOLI et al., 2001; KOMAKI et al., 2002) and progressive external ophthalmoplegia 1 (PEO1, chromosome 10 open reading frame 2, C10orf2) (SPELBRINK et al., 2001 ) the mutations were only autosomal dominant. Since the proteins encoded by these genes are required for replication or repair of the mitochondrial genome or catalytic processes in the mitochondria, defects in these genes will cause mtDNA loss or deletion, which leads to tissue dysfunction (SUOMALAINEN and KAUKONEN, 2001 ). Because of their high energy consumption and dependence on oxidative energy, ocular tissues are affected especially often by mitochondrial defects (MOJON, 2001) . These aforementioned genes with dominantly acting mutations causing PEO in humans were chosen as candidate genes for BCSE in cattle. After localisation of POLG, SLC25A4 and PEO1 (C10orf2) on bovine chromosomes BTA21q17-q22, BTA27q14-q15 and BTA26q13-q21, microsatellite markers were developed and tested for allelic cosegregation with the BCSE phenotype. Neither these markers nor evenly distributed microsatellite markers on the respective bovine chromosomes showed significant linkage with BCSE. Thus, these candidate genes could be excluded as responsible for bovine BCSE. A whole genome scan has to be completed for the BSCE-causing genes to be identified. Comparative genomics can then be used as a very effective approach towards unravelling the genetic basis of bovine BCSE. When the genes with their causal mutations for BCSE are identified, breeding strategies can be developed to eradicate this defect in cattle. Furthermore, new insights may be gained into the causes and pathogenesis of strabismus, possibly leading to therapeutic measures.
Conclusions
Diagnosis and reporting of anomalies and diseases to centralized data bases or institutions by the veterinary practitioner, farmer and breeding organization is a very important task. This information will be often the seed for molecular genetic analyses to identify the causal mutations of genes. Collection of phenotypic data and blood samples of animals affected with anomalies, their parents and further relatives are the further most important prerequisites for a molecular genetic analysis. The molecular genetic techniques are now available to characterize genes responsible for inherited monogenic or oligogenic defects in cattle. The number of inherited anomalies, which are identified on the molecular level, will be expected to increase in the next years. The mutation tests for genes responsible for inherited anomalies will be exploited in breeding programmes and are also useful for breeding animals on farms. The genetic diagnosis of anomalies has great implications for breeders and breeding organizations because the origin of a deleterious gene may be traced back to widely used sires. Based on a precise genetic diagnosis, recommendations for the farmers and breeders can be given to improve eradication programmes for deleterious alleles. 
